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ABSTRACT

The batch removal of Pb*, Cd*, and Zn* ions from aqueous solution using brut keratin powder
prepared from Algerian sheep horns (BKASH) were investigated. The BKASH before and after
biosorbent was characterized using Fourier-transform infrared spectroscopy and scanning elec-
tron microscopy. The study investigated the effects of pH, contact time, biosorbent dose, initial ion
concentration, and temperature on the removal of these heavy metal ions. The results indicated
that the optimal conditions for adsorption were an initial concentration of 20 mg/L for 30 min.
The monolayer adsorption capacities of Pb*, Cd*, and Zn* were found to be 33.33, 23.81, and
25 mg/g, respectively, at 298 K. The maximum efficiency of Pb*, Cd*, and Zn* adsorption was
obtained at pH values of 4.5, 6, and 4.5, respectively, which is higher than the adsorbent’s pH,,. of
4.3. The experimental data was fit with Langmuir, Freundlich, Temkin and Elovich isotherm mod-
els, and the best coefficient of determination was deduced by Langmuir isotherm. Three models
were used to evaluate the kinetics of the process, including pseudo-first-order, pseudo-second-order
kinetic models and intraparticle diffusion. The pseudo-second-order model was found to have the
best correlation for the adsorption of Pb*, Cd*, and Zn* on BKASH. Thermodynamic parameters
were calculated and discussed. The negative AG® and positive AH® values indicated that the over-
all adsorption was spontaneous and endothermic. Overall, the study demonstrated that BKASH
biosorbent has satisfactory biosorption capacity and can be considered an effective biosorbent
for water treatment with a low concentration of heavy metal ions.
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1. Introduction

contaminants include chromium, lead, cadmium, zinc,

The increasing discharge of industrial wastewater from
metallurgy, electroplating, petroleum, and other sources is
negatively affecting water quality. The release of undesirable
pollutants, such as heavy metals [1,2], significantly impacts
water quality, which is a significant issue because high con-
centrations of heavy metals are toxic to aquatic ecosystems,
living organisms, plants, and humans. Typical heavy metal

* Corresponding author.

copper, mercury, etc, which are non-biodegradable and
can cause brain and bone damage, damage to the nervous
system, neurological disorders, and even cancer [3,4]. The
World Health Organization (WHO) recommended maxi-
mum levels of lead, zinc, and cadmium in water as 0.01, 5,
and 0.005, respectively, in 1996 [5]. Therefore, an efficient
and environmentally friendly method is required to purify
contaminated water.
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Various techniques are used to remove heavy metal
ions from industrial effluents, such as chemical precipita-
tion [6,7], reverse osmosis [8], nanofiltration, and ultrafil-
tration [9,10], ion-exchange [11], and the membrane process
[12]. Among these methods, the adsorption technique is the
most straightforward, cheapest, and fastest for heavy metal
removal and is applicable for lower concentration levels.
In adsorption, molecules of liquid are bound by the solid
surface [13].

Recently, low-cost adsorbents developed from natu-
ral materials or certain waste materials from agricultural
or industrial activities have gained greater attention due to
their many apparent advantages, such as easy availability,
comparable efficiency, resource generation, pollution reduc-
tion, and the use of several low-cost biomass materials [14].
Accordingly, various biogenic materials, including chitosan
derivatives [15], agricultural waste materials [16], chicken
feathers, cork waste [17-19], etc., have shown excellent
sorption capacities for toxic metal ions in solutions.

Keratinous materials possess good biosorption proper-
ties attributed to their large metal-binding functional groups,
such as carbonyl, carboxyl, hydroxyl, sulfur, amido, and
amino groups. These materials exhibit excellent hydrophilic-
ity and adsorption abilities, making them useful in treating
heavy metal pollution. Keratinous materials have garnered
increasing attention from researchers in recent years due to
their abundance in wool, feathers, hair, animal claws, and
horns [20-23]. Examples of the use of keratinous materials
for heavy metal removal from aqueous solutions have been
reported in previous research [17,18,24,25]. This material
offers high adsorption capacity for heavy metal ions from
water.

In the current study, brut keratin powder prepared from
Algerian sheep horns (BKASH) was used to remove Pb*,
Zn*, and Cd* from aqueous solution. The study will analyze
the influence of operating conditions, such as solution pH,
biosorbent dosage, and contact time, on the sorption pro-
cess. Additionally, it will calculate the adsorption capacity
and metal removal efficiency, and evaluate kinetic models,
equilibrium isotherm models, and thermodynamic param-
eters related to the adsorption process. Finally, the study
will report on the mechanism of Cd*, Zn*, and Pb* ion
adsorption on BKASH.

2. Experimental set-up
2.1. Preparation of BKASH and characterization

The process of preparing the adsorbent involved
collecting Algerian sheep’s horns from butchers in the
Boumerdes region. The horns were thoroughly cleaned
using detergent to remove any residual soft tissue, fol-
lowed by washing with tap and distilled water. They were
then left to dry under sunlight for 2 d, and afterward, oven-
dried at 353 K for 2 h to reduce their water content. The
dried horns were cut into small pieces, ground, and sieved
to achieve a uniform particle size. The adsorbent was not
subjected to any other physical or chemical treatments
during the preparation stage.

The functional groups of the biosorbent were analyzed
using Fourier-transform infrared spectroscopy (FTIR)
before and after adsorption. The surface morphology and

structure of BKASH were determined using scanning elec-
tron microscopy (SEM) equipped with an ESEM-FEG EDX
probe. The adsorbent’s zero-point charge was determined
using the solid addition method in batch mode. NaNO, solu-
tion (0.1 M) was transferred into a series of 100 mL conical
flasks, and the initial pH values were adjusted between 2 to
13. After adding 0.1 g of adsorbent to each flask and shak-
ing for 30 min, the flasks were kept at room temperature for
24 h to reach equilibrium. The pH values were measured
using a digital pH meter before and after agitation.

2.2. Material and research equipment

The adsorbent used in this study was BKASH, and all
chemicals used were of analytical-grade quality. A stock
solution of ions (1,000 mg/L) was prepared by dissolving a
suitable amount of the corresponding nitrate salt in deion-
ized water. Working solutions were prepared by diluting
the stock solution. Nitric acid and sodium hydroxide solu-
tions were used to adjust the pH. The equipment used in
this study included a mortar and pestle, sieve, analytical
balance, spatula, pipette, vacuum pump, Duran Buchner
Erlenmeyer flask and funnel, stopwatch, atomic absorption
spectrophotometry (AAS) instrument (PerkinElmer, MAS 50,
Mercury Analyzer), and some commonly used glassware.
Data processing was carried out using OriginPro 8.5.0 SR1.

2.3. Batch adsorption studies

The effects of the experimental parameters, such as the
initial concentration 20-100 mg/L, pH 1-6, adsorbent dose
0.02-1 g and temperature 298-313 K on the adsorptive
removal of Pb%*, Cd* and Zn? ions are studied in batch mode
for a specific period of contact time 0—60 min. For the batch
experiments, 0.05 g of BKASH adsorbent was mixed with
20 mL of initial metal solution in a 100 mL glass bottle on a
shaker with a stirring speed of 300 rpm.

After that, the suspensions were filtered each time using
filter paper, and the metal concentrations remaining in
the supernatant were analyzed by AAS.

All adsorption experiments were carried out at room
temperature (298 K).

The amount of Pb*, Cd*, and Zn* ions adsorbed on
BKASH (mg/g) is calculated by using the following Eq. (1):

C,-C)-V
q: = ( - t) )
m

where C and C, are the initial concentration and the concen-
tration of Cd*, Zn*" and Pb* ions at any time (mg/L), respec-
tively, V is the volume of heavy metal solutions (L), and
m is the mass of BKASH biosorbent (g).

The removal efficiency R(%) is evaluated using the
following Eq. (2):

R = S =S 100 2)
C

0
2.3.1. Chi-square and the residual errors

Due to the inherent bias resulting from the linear-
ization of the isotherm and kinetic model, the non-linear
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regression (root mean square error, RMSE) evaluated in
Eq. (3) is used as a criterion for the quality of fitting.

N

1
RMSE = \/Nzle(qp o) €)

where g, (mg/g) is the experimental value of uptake, g, ,
is the calculated value of uptake using a model (mg/g),
and N is the number of observations in the experiment
(the number of data points).

The chi-square statistic is given as:

2
% (. W

i=1 qe,cal

If the data from the model are similar to the experi-
mental ones, x* is small; by contrast, if they are different,
X? becomes large. The smaller the RMSE and x? values, the
better the curve fitting [26].

2.4. Kinetics models and isotherm models

The kinetic study is important for the adsorption pro-
cess because it describes the uptake rate of the adsorbate
and controls the residual time of the whole process.

The pseudo-first-order and pseudo-second-order kinet-
ics models were used to investigate the adsorption kinetics
[27]. The first-order kinetic model can be used at the ini-
tial period of the first reaction step, and the second-order
kinetic model is suitable to describe the whole adsorption
process involving a chemical reaction.

The pseudo-first-order equation is given by the follow-
ing Eq. (5):

g.=q.(1-¢") ()
while the pseudo-second-order model is given by:

2Kt
=T

= 6
1+q,K,t ©)

where g, (mg/g): is the adsorption capacity of the kera-
tin powder at a given time t; g, (mg/g): is the equilibrium
adsorption capacity of the keratin powder; K, (min™): the
first-order rate constant, K, (mg/g-min): the second-order
rate constant.

The adsorption isotherms measure the adsorbate dis-
tribution between liquid and solid phases at a constant
temperature. The adsorption capacity depends on the
adsorbent’s affinity for the solute. The isotherm models help
understand adsorption mechanisms and affinities. In this
study, four isotherm models (Langmuir [28], Freundlich
[29], Temkin and Elovich [30,31] were used to discuss the
Pb?*, Cd* and Zn*" adsorption on BKASH.

3. Results and discussion
3.1. Proprieties and characterizations

The physical and chemical characteristics of the pow-
der prepared from the Algerian sheep horns are pre-
sented in Table 1.

The chemical characteristics of keratin horn powder
indicate that carbon is the most abundant element. The high
nitrogen content (15.16%) is due to keratin’s presence. The
adsorbent contained a significant amount of sulfur (2.76%),
and the keratin powder is high in the sulfur-containing
amino acid cysteine [32]. The other physical properties
like bulk density, total porous volume, pH of BKASH are
given in Table 1, which may affect the adsorption capacity.

pH,,. is the pH at which adsorbents have a net zero
surface charge. Fig. 1 shows the plot between pH,  and
pH,,, for determining pH,,. The results indicated that
the pH_,. for BKASH was 4.3. The BKASH becomes more
positively charged when pH is less than pH,,. and more
negatively charged when pH is above pH,,.

The FTIR spectra of BKASH before and after adsorp-
tion of Pb* are shown in Fig. 2. Generally, the absorption
spectra of BKASH before and after the adsorption of heavy
metal ions were similar. The presence of various functional
groups such as carbonyl, carboxyl, and amide groups con-
tributed to the appearance of several peaks in the infrared
spectrum. In the range 3,000 at 3,800 cm™ from OH stretch-
ing, this peak C,O group connected to the amide group gives
absorption peak at 1,670-1,700 cm™ in BKASH. Amide II at
(1,400-1,500 cm™) showed the absorption of C-N stretch-
ing and N-H bending vibrations. The absorption area of
amide III (1,220-1,300 cm™) indicated the absorption of
N-H bending, C-N stretching on O=C-N bonds. S-S bonds

ZPC

Table 1
Characteristics of BKASH adsorbent

Physical characteristics Chemical characteristics%

Moisture content, % 4.4  Nitrogen 15.16
Water content, % 42  Sulfur 2.76
Apparent density, g/mL 0.28 Hydrogen 6.27
Real density, g/mL 04  Oxygen 31.49
Total porous volume, m*g 1.01 Carbon 44.32
pH at 25°C 4.6
14
—a— Without adsorbent

124 — With adsorbent

é 10 12

T r T
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pl-linitial

Fig. 1. Determination of pH

ZPC*
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were confirmed with bands at 1,054 cm™ in BKASH, also the
absorption band related to the C-S bond was observed at
611 cm™. These results confirmed the protein nature of the
adsorbent.

However, slight differences and redshifts of the emission
spectra were observed before and after the biosorption pro-
cess, which were likely due to the presence of heavy metal
ions on the horn keratin surface. The scissor vibration of —
NH,, amide 1II, at 1,445 cm™ shifted to 1,451 cm™, indicating
the combination between Pb* and —NH,. The C=O stretch-
ing vibration at 1,637 cm™, related to -CONH-, namely
the amide I belt, shifted to 1,632 cm™ after the biosorption
process, indicating the coordination of Pb* and -CONH-.
The peak located at 1,054 cm™ in BKASH before sorption
shifted to 1,065 cm™ for BKASH after sorption of Pb*, sug-
gesting the involvement of the carboxyl group of horn kera-
tin in the sorption of metal ions. Moreover, Fig. 2 shows an
increased intensity of the amide I and amide II bands after
adsorption, indicating the hydrolysis of the amide bond into
amino and carboxyl groups. The peak at 612 cm™, assigned
to C-S bond stretching and S-S bond stretching, shifted to
624 cm™ for BKASH after sorption of lead ions. Therefore,
infrared analysis revealed the formation of complexes
between metal ions and BKASH, which involved various
functional groups responsible for binding the ions from the
aqueous solution onto the surface of the adsorbent [33-36].

Images of BKASH through scanning electron micro-
graphs before and after the adsorption of Pb* are depicted
in Fig. 3a and b. The morphology of BKASH shown in
Fig. 3a exhibits a porous structure. Furthermore, a sig-
nificant number of wide pores were observed in the outer
region of the material. This porous structure is highly advan-
tageous for the purpose of adsorbing pollution. After the
adsorption of Pb* ions, the surface morphology underwent
a significant change (Fig. 3b). It is evident from this figure
that a layer formed due to Pb* adsorption on the surface
and that some Pb* ions have occupied the pores of BKASH.

3.2. Optimization study of operating conditions
3.2.1. Effect of initial pH on uptake of Cd**, Zn*" and Pb**

The adsorption process is greatly influenced by the
pH of ion solutions, and it plays a crucial role in determin-
ing the uptake capacity of biosorbents. The impact of this
parameter on BKASH'’s ability to adsorb Cd*, Zn*, and
Pb* ions at 298 K is demonstrated in Fig. 4.

The results indicate that the adsorption capacity of Mn
increases as the pH increases from 2 to 7, reaching its peak
values of 7.98, 7.488, and 6.51 mg/g at pH 4.5, 6, and 4.5
for Pb*, Cd*, and Zn?*, respectively. The pH effect on ion
adsorption by keratin powder can be explained based on
pH,,. (4.3). The change in the adsorbed quantity within the
studied pH range is due to the fact that at pH values higher
than pH,,., the surface of keratin powder is negatively
charged, whereas the metal ions are positively charged. At
low pH, the solution contains a large number of H' ions,
which leads to a protonation effect, as demonstrated by the
following expressions:

+

-NH, +H* - -NH;
-COO" +H' - -COOH

— BHKP-Pb** 625
—— BHKP
X
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Fig. 2. Fourier-transform infrared spectroscopy characteriza-
tion of BKASH biosorbent before and after Pb* ions sorption.

}300pum{

}300pm

Fig. 3. Scanning electron microscopy images of BKASH:
(a) before and (b) after Pb* ions sorption.

Therefore, the keratin surface and ion metals are posi-
tively charged under highly acidic conditions. With increas-
ing pH values, the protonation degree of keratin biosorbent
was reduced, and the electrostatic repulsion between kera-
tin powder and metal ions was weakened, which resulted
in the rapid increase of the adsorption capacity due to the
electrostatic attraction between the active group and Pb*,
Zn* and Cd* ions. A similar trend was reported in the lit-
erature for various other biosorbents [36,37].

3.2.2. Effect of adsorbent dosage

The effect of BKASH dosages on the biosorption capac-
ity of Pb*, Cd*, and Zn* ions was examined by varying
the dosage from 0.02 to 1 g of biosorbent at an initial ions
concentration of 20 mg/L and an agitation speed of 300 rpm
at 298 K. The results are presented in Fig. 5. The removal
efficiency increased as the biosorbent loading increased up
to 1 g, while the adsorption capacity decreased. This was
due to the fact that more adsorbent addition created more
adsorption points for ions, which was good for the over-
all removal result, but the adsorption chance for the unit
area decreased, which was bad for the adsorption capac-
ity. Additionally, more adsorbent can lead to larger resis-
tance in the transportation process between adsorbent and
adsorbents, and the electrostatic repulsion between them
is also enhanced. Similar observations were reported for
the removal of heavy metals using keratin as a biosorbent
[38—41]. On considering this fact for the subsequent studies,
the adsorbent dose was taken as 0.05 g.



144 F. Sidiali et al. / Desalination and Water Treatment 307 (2023) 140-152

8- I
N
. ey
F'S
~
g 6-
L
o¥ 5-
4 .
T T T T T T T
1 3 4 7 8

pH

Fig. 4. Effect of pH on removal of Pb*, Cd* and Zn?** onto BKASH.
(C,=20 mg/L, T=298 K).
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Fig. 5. Effect of adsorbent dosage on removal of Pb*, Cd* and
Zn*" onto BKASH (C, =20 mg/L, T =289 K).

3.2.3. Effect of contact time

The adsorption kinetics of Cd*, Pb*, and Zn* ions on
tested BKASH were examined by using initial concentrations
of 20 g/L at 298 K and pH values of 6, 4.5, and 4.5, respec-
tively, as shown in Fig. 6. The results indicate that there was
a rapid removal of ions within the first 10 min, with more
than 80% of the removal of Pb*, Cd*, and Zn*" occurring
within this period. The biosorption rate increased until equi-
librium was attained after 30 min of agitation. Therefore,
an equilibration time of 30 min was used for further exper-
iments. The high initial biosorption rate is likely linked to
the abundance of free binding sites on the biosorbent, which
become saturated, resulting in a decreased biosorption rate.

The optimum adsorption capacity (g, ) was 7.96, 7.7,
and 7.57 mg/g of Pb*, Cd*, and Zn*, respectively, with the
optimum percentage removal being 99.4%, 94.2%, and 92.6%
for Pb*, Cd*, and Zn*, respectively (as shown in Fig. 7).

3.2.4. Effect of initial concentration and temperature

The adsorption isotherm of BKASH was used to ana-
lyze the interface adsorption behavior of Pb*, Cd*, and

8
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Fig. 6. Kinetics of adsorption of Cd*, Pb* and Zn?* onto BKASH

(C,=20 mg/L, T=298 K, My oo = 0-05 8).
100
- L}
S god
g
=)
g 60 —m— Pb*
:: —e— Cd™"
£ w o
=
S
5 201
=™
0 T T T T
1] 50 100 150 200 250
time(min)

Fig. 7. Effect of contact time of the percentage removal of
Cd*, Pb* and Zn* onto BKASH (C, =20 mg/L, T = 298 K,
m =0.05 g).

adsorbent

Zn* on the biosorbent. As shown in Fig. 8, the amount of
Pb*, Cd*, and Zn* adsorbed by BKASH increased as the
initial concentration of ions ranged from 0 to 100 mg/L.
The BKASH has significant potential for practical
applications.

Furthermore, it was observed that the adsorption capac-
ity of ions increased with a rise in temperature within the
range of 287-313 K. As mentioned earlier, the problem
removal rate also increased with temperature. This can be
attributed to the higher mobility of Cd*, Pb*, and Zn* ions
toward the biosorbent at higher temperatures. Additionally,
the activation of the surface and an increase in the biosor-
bent’s pore size at high temperatures favor an increase
in biosorption capacity [42].

3.3. Equilibrium isotherm

The Langmuir isotherm model, valid for monolayer
adsorption on a homogeneous surface with equally avail-
able adsorption sites and without interactions between
adsorbed species, is described by the following linearized
equation:

C_ 1 1

= C,+
qe qmax KLqmax

@)
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Fig. 8. Effect of initial concentration and temperature of the removal of Cd*, Pb*" and Zn*" onto BKASH (C, = 20 mg/L, contact time

30 min, m =0.05g).

adsorbent

where C, is the equilibrium concentration (mg/L), g, is the
amount adsorbed at equilibrium time (mg/g), and q__
the maximum adsorption capacity and K, is Langmuir
constants related to energy (L/mg).

The g, K, and correlation coefficient R* obtained by fitting
the experimental data Fig. 9 with the Langmuir equation
are reported in Table 2.

Moreover, the dimensionless constant separation factor
R, was calculated in order to test the favorability of adsorp-
tion. The separation factor R, is defined by the follow-
ing equation:

R, = !
1+K,C,

®)

where K| is the Langmuir constant and C, is the initial con-
centration (mg/L). R, indicates whether the adsorption is
favorable (0 < R, < 1) or unfavorable (R, > 1), linear (R, = 1),

or irreversible (R, = 0).

= P2t R2=0,99 Y=0,03X+0,08
204 o Cd2t R2=0,97 Y=0,04X+0,26
A 7n2t R2=0,98 Y=0,04X+0,38

C,(mg/g)

4+

Fig. 9. Langmuir isotherm model for the adsorption of Cd*,
Pb* and Zn* onto BKASH.
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Table 2
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Isotherm parameters for the removal of Pb*, Cd* and Zn* ions adsorption on BKASH

Model Langmuir Freundlich Temkin Elovich
Pb* G = 33.33 mg/g K. =1235mg/g B,=294 mg/g G = 002 mg/g
K, =0.37 1/n=0.19 BIn(A)=14 K =34.46 L/mg
A, =138.37
AQ=1,238.19 J/mol
R? 0.99 0.96 0.91 0.90
RMSE 10.8241 13.4123 15.2145 15.7612
X 1.002 2.123 3.621 3.826
Ca» G, =23.81 mg/g K. =8.92mg/g B, =2.64 mg/g .. =485 mg/g
K, =0.16 1/n=02 B,In(A,) =9.1 K =676 L/mg
A, =3118
AQ =938.02 J/mol
R? 0.97 0.92 0.88 0.88
RMSE 2.8141 6.4214 9.1545 9.6510
X 0.366 0.6452 1.1025 1.1810
Zn* G = 25 ME/E K, =547 mg/g B, =434 G = 767 mg/g
K =0.1 1/n=0.33 BIn(A,) =323 K, =09L/mg
A =210
AQ =570.07 J/mol
R? 0.98 0.97 0.96 0.93
RMSE 5.6251 6.0125 6.12 6.2412
X 0.465 0.861 1.0125 0.5645
The Freundlich isotherm model, which describes the q, q
adsorption process on energetically heterogeneous sur- IHC*‘ = ln(qmaxKg ) - 11)

faces and is applicable when the amount of adsorbed sol-
ute increases indefinitely with the concentration of solute
in the starting solution, can be described by the following
linearized equation:

lnqe:anF+11nCe 9)
n

where K, the adsorption capacity of the adsorbent (L/g) and
n is an empirical give an indication of the adsorption favor-
ability. The K, n, and correlation coefficient R* obtained
by fitting the experimental data with the Freundlich equa-
tion are shown in Table 4. In particular, an n value falling
between 1 and 10 indicates a favorable adsorption.

The Temkin isotherm assumes that the adsorption is
characterized by a uniform distribution of binding ener-
gies, up to some maximum binding energy. This isotherm
describes the behavior of adsorption systems on heteroge-
neous surfaces, and is applied in the following;:

g,=B;InC, + B, InC, (10)

The adsorption data are analyzed according to Eq. (10).
Therefore, the plot vs. g, vs. InC, enables to determine the
constants A, and B..

The Elovich isotherm is based on the principle of the
kinetic, assuming that the number of adsorption sites aug-
ments exponentially with the adsorption; this implies a
multilayer adsorption described by:

where K, (L/mg) is the Elovich constant at equilibrium,
4. (Mg/g) the maximum adsorption capacity, g, (mg/g) the
adsorption capacity at equilibrium, and C, (mg/L) the con-
centration of the adsorbate at equilibrium. Both the equi-
librium constant and maximum capacity is calculated from
the plot of In(g/C) vs. q,. The constants of the different
models deduced after modeling are grouped in Table 2.

A critical examination of the correlation coefficients (R?),
RMSE and the chi-square statistic (x?) shows that the
Langmuir isotherm model (R* = 0.99) had the highest cor-
relation coefficient compared to the other three isotherm
models. The x* and RMSE values for Langmuir model were
0.1002 and 1.8241, respectively, which were lower than all
other isotherm models. This suggests that the adsorption
process was monolayer adsorption, indicating good homo-
geneity of the sponge surface. The maximum adsorption
capacities (g, ) calculated from the Langmuir equation
at 298 K were 33.33, 23.83, and 25 mg/g for Pb*, Cd*, and
Zn*, respectively. The R; values of the ions for BKASH are
plotted against the initial metal ion concentration Fig. 10.
As shown, for all the considered initial metal ion concentra-
tions, the R, values fall between 0 and 1, indicating favor-
able adsorption of Pb*, Cd*, and Zn*  ions on BKASH.

From the Freundlich isotherm fitting results, the values
of 1/n obtained from this study were found to be 0.19 for
Pb*, 0.2 for Cd*, and 0.33 for Zn?*, indicating favorable
adsorption of all heavy metals on BKASH. Additionally,
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the Freundlich isotherm does not predict the saturation of
heavy metal ions on the surface of the adsorbent and thus
reinforces the infinite coverage of the adsorbent surface.
The change in adsorption energy for the Temkin isotherm
is positive, indicating the endothermic nature of adsorp-
tion of metal ions by BKASH.

As shown in Table 2, the values of the regression coef-
ficient R* are low; therefore, the adsorption of Cd*, Pb*,
and Zn*" onto BKASH does not fit the Elovich isotherm.

3.4. Kinetic studies

The adsorption kinetics of the biosorption of Cd*, Pb*
and Zn* ions, were analysed using Lagergren first-order
and Lagergren second-order kinetic models and intra-
particle diffusion. The Lagergren first-order equation is
expressed as follows:

K, (12)

log(q, —q,)=loggq, - 5303

where g, and g, (mg/g) are the adsorption capacity at equi-
librium and at time t, respectively, and K, is the Lagergren
rate constant of the pseudo-first-order adsorption (L/min).

A plot of log(q, — gq,) vs. t (Fig. 11) gave a straight line
confirming the applicability of the Lagergren first-order rate
equation. K, and g, can be determined from the slope and
intercept of the plot, respectively. Lagergren second-order
sorption rate equation can be expressed as:

—a—Pb
0,3- e
+Zn2+
0,2- N
o .
0,1-
0,0 T T T T 1
20 40 60 80 100
Initial concentrations (mg/g)
Fig. 10. Separation factor for the adsorption of Cd*, Pb* and
Zn* onto BKASH.
Table 3
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L L1,

(13)
9, ka4,

where K, is the rate constant of the pseudo-second-order
adsorption (g/mg-min).

A straight-line plot of t/g, vs. time in Fig. 12 indicates
the applicability of second-order model.

The rate constants K, K, and the calculated equilibrium
adsorption capacity g, from first-order and second-order
equations, and the experimental equilibrium adsorption
capacity 4, , (mg/g) are presented in Table 3.

0,04

A ®  Pb R=0,978 y=0,019x-1,22
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Fig. 11. Pseudo-first-order kinetic plot for the adsorption of
Cd?*, Pb* and Zn* onto BKASH.
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Fig. 12. Pseudo-second-order kinetic plot for the adsorption of
Cd?*, Pb* and Zn* onto BKASH.

Metal Co(mg/L)  q,., Pseudo-first-order kinetic Pseudo-second-order kinetic

(mg/g) K, (min™) q, (mg/g) R? K, (g/mg-min) q, (mg/g) R? Aqlg %
Pb* 20 7.96 0.046 0.06 0.98 0.06 8.01 0.99 0.6
Cd> 20 7.72 0.66 0.95 091 0.3 7.75 0.99 0.6
Zn* 20 7.60 0.11 0.89 0.95 0.35 7.63 0.99 0.4
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The high correlation coefficient in the pseudo-second-
order plot for all metals confirms that the adsorption reac-
tion follows the pseudo-second-order kinetic model, unlike
the pseudo-first-order plots, which are not applicable to
the present system. The g, , obtained from the pseudo-sec-
ond-order model shows good agreement with the exper-
imental data. This suggests that the adsorption of metal
ions involves a chemical reaction (chemisorption), includ-
ing an exchange of electrons between the adsorbent and
the adsorbate, resulting in the attachment of metal ions to
the adsorbent surface by chemical bonding.

BKASH exhibits an ion biosorption capacity that is
comparable to the majority of adsorbents reported in the
literature [43,44], making it an excellent candidate for use
as a biosorbent to remove Cd*, Pb*, and Zn?*" ions from
aqueous solutions.

The diffusion mechanism controlling biosorption can-
not be shown by the pseudo-first-order or pseudo-second-
order models. Thus, Weber-Morris suggested that the intra-
particle diffusion model can be used to analyze kinetic data
in order to understand the diffusion effects. The general
form of Weber’s diffusion model is expressed as:
g, =K t+C (14)
where K, is the intraparticle diffusion rate constant
(mg/g-min'?), g, the amount of ions adsorbed at time ¢ and
C (mg/g) is the intercept that relates to the thickness of
the boundary layer.

The plots of g, vs. t'? are shown in Fig. 13. The linear rela-
tion between g, and ' indicated the presence of intrapar-
ticle diffusion in the adsorption process.

Multi-linear correlations were observed in the plots, indi-
cating that the biosorption process of heavy metals involves
three distinct steps. Table 4 presents the parameters of the
three linear portions of the Weber—Morris intraparticle dif-
fusion model, which were evaluated for the adsorption
of Cd*, Pb*, and Zn?* ions on the BKASH adsorbent. The
values of K, in the first step were all higher than those in
the second step. The first linear portion corresponds to
the initial, rapid adsorption stage, where the rate of metal
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Fig. 13. Intraparticle diffusion plots for adsorption of Cd*, Pb*
and Zn* onto BKASH.

ions onto the surface of the BKASH adsorbent was high
due to Van der Waal’s forces. In the second step, the metal
ions are transported to the external surface of the BKASH
adsorbent through film diffusion, that is, intraparticle dif-
fusion occurs in the initial stage, while film biosorption
occurs in the second stage. The third step represents the
equilibrium state, where intraparticle diffusion is constant.
Furthermore, the fact that C#0 and that the fitted straight
line did not pass through the origin of coordinates indicate
that the diffusion process was not the rate-controlling step.

In summary, the kinetic studies showed that the adsorp-
tion process of Pb*, Cd*, and Zn* by BKASH is quite com-
plex, consisting of both surface adsorption and intraparticle
diffusion. Intraparticle diffusion controls the early stage,
while chemical sorption plays the main role in the sorption
process as a whole.

3.5. Performances of the prepared BKASH

Table 5 presents a comparison of the percentage
removal of heavy metal ions using various keratin materi-
als reported in the literature, as well as BKASH. It should
be noted that direct comparison of adsorption capacities
between different biosorbents is challenging due to vari-
ations in experimental conditions. Nonetheless, BKASH
showcased an exceptionally high efficacy in removing
heavy metal ions, all achieved without the need for any
additional treatments. In particular, BKASH achieved
removal percentages of up to 92% for Pb*, Cd*, and Zn?*,
which is significantly higher than the removal percentages
achieved by treated adsorbents (ranging from 41% to 87%).
The superior performance of BKASH can be attributed to
its natural properties, such as high surface area, high con-
centration of functional groups, and excellent stability.
BKASH was prepared without any physical or chemical
treatments to maintain its natural properties, which may
contribute to its higher adsorption capacity and selectivity.

3.6. Determination of thermodynamic parameters

The insights of the adsorption mechanism can be deter-
mined from the thermodynamic parameters namely free
energy (AG°), enthalpy (AH°) and entropy (AS°). This
thermodynamic parameters are determined from the fol-
lowing equations.

Table 4
Parameters of the Weber—Morris intraparticle diffusion model

Ions Step K, (mg/g-min'?) C, (mg/g) R?
1 0.42 6.23 0.98
Pb* 2 0.0089 7.89 0.99
3 44 x10* 7.95 0.99
1 0.04 7.07 0.99
Ca» 2 0.017 7.56 0.99
3 0.004 7.64 0.99
1 0.26 6.4 0.92
Zn* 2 0.0085 7.5 0.99
3 4.4x10* 7.56 0.99
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Table 5
Removal of metal ions by different forms of keratin materials
Keratin-based adsorbents Metal ions Percentage removal (%) References
Chemically treaded human hair Pb* 96 [24]
Cd* 86
Cow hooves Pb* 96.2 [38]
Duck feather (adhesive bonded) Cu® 41 [45]
Wool-derived keratin nanofiber membranes Cu? 95 [46]
Ni* 65
Co* 59
Chemically treated sheep wool Cu* 99 [47]
Wool keratin/PET composite nanofiber Cr3* 75.86 [48]
Colloidal keratin solution obtained from wool Pb* 87 [49]
Algerian sheep hoof powder Pb* 65 [50]
Cd* 70
Zn* 65
Algerian sheep horns powder Pb* 99.4 This works
Cd* 96.2
Zn* 94.6
AG® =-RTnK, (15) 6 ——
® O R=099 Y=1850X+9,325
AG°®° = AH° -TAS® (16) Azt R-099 Y=117142X+6.827
5
K =S=C (17)
e C, i
- £«
InK :—£+ AS (18)
¢ RT R
where K is the equilibrium constant, R is the gas constant 3 “\‘
(8.314 J/mol'K), and T is the temperature (K). The values of

AH® and AS° are determined from the slope and the inter-
cept of the plots of InK, vs. 1/T (Fig. 14). The AG® values
were calculated using Eq. (12). The plots were used to com-
pute the values of thermodynamic parameters (Table 6).

The biosorption of Cd*, Pb*, and Zn* on BKASH is a
spontaneous process, as indicated by the negative value
of AG°. A more negative AG® value indicates a more ener-
getically favorable adsorption process. Furthermore, the
decrease in free energy values with increasing tempera-
ture from 287 to 318 K suggests that the adsorption process
becomes more feasible at higher temperatures. The positive
values of AH® for all metal ions indicate that the adsorption
is endothermic, which is supported by the increased metal
uptake with a rise in temperature. The magnitude of AH®
provides insight into the type of sorption, whether physical
or chemical. Typically, the enthalpy for physical adsorption
is no more than 1 kcal/mol (4.2 kJ/mol), while for chem-
ical adsorption, it is more than 5 kcal/mol (21 kJ/mol) [51].
Therefore, the adsorption of Mn" ions on BKASH appears
to be primarily a chemical process, with strong interactions
between the Mn' ions and the functional groups on the
adsorbent’s surface. The positive AS® value indicates that the
sorbed ions are unstable on the biosorbent surface, which

0,00336  0,00343  0,00350

/T (K™

0,00322  0,00329

Fig. 14. Thermodynamic parameters, enthalpy and entropy for
the adsorption of Cd*, Pb* and Zn* ions onto BKASH.

Table 6
Thermodynamic parameters for the adsorption of Pb*, Cd*
and Zn* ions onto BKASH

AHP AS® AG® (KJ/mol)

(kJ/mol'K)  (J/mol'K)  se7y 297Kk 318K
Pb* 567 230.38 296 -1099 1535
Cd* 1538 77,53 682 746  -9.015
Zn*  15.08 76.24 651  -7012 814

suggests an increased randomness at the solid solution inter-
face during metal ion adsorption. These types of biosorp-
tion behavior have also been observed by other researchers
[52-54].
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3.7. Adsorption mechanisms

The isotherm and kinetics analyses suggest that
chemisorption and intraparticle diffusion are critical mech-
anisms in the adsorption process, but other mechanisms
may also contribute to the process.

When discussing the adsorption mechanisms of Pb?*,
Zn*, and Cd* onto biosorbents, it is important to consider the
functional groups and surface chemical properties. Various
scientists have proposed mechanisms based on assumptions
and empirical results, such as ion exchange, surface precipi-
tation or complexation, electrostatic attraction, and physical
adsorption. Among these, ion exchange is the most signifi-
cant hypothesized process for comprehending and inter-
preting the biosorption mechanism. Protons and metallic
cations, two positively charged species present in waste solu-
tions, compete for binding sites under the strong influence
of pH, which is considered a major factor in this process [55].

Studies have shown that keratin primarily uses its car-
boxylic and amino groups to bind with heavy metal cat-
ions in aqueous solutions [56-58]. FTIR spectra of BKASH
indicated that the hydroxyl, carboxylate, amino and thiol
groups are involved in the adsorption process. The BKASH
has a thiol (SH) group that is very reactive with cadmium,
zinc, and lead to form a very stable complex.

The high affinity of Cd, Zn, and Pb for the thiol (SH)
group suggests that at the first moments of contact between
the BKASH and the solution, a quantity of metal is captured
by the thiol functions in a short time [50]. This result was
already observed with the adsorption of Pb*, Zn*, and Cd*
using steamed Algerian sheep hoof powder in our previ-
ous study. The speed of adsorption in the first moments of
the test allows us to infer that the adsorption occurs on the
outer surface of the adsorbent grains.

The adsorption of heavy metal ions on BKASH sur-
faces can be represented by the following expressions:

-BKASH - (NH, OH), + M**
— -BKASH - (NH, ), M(OH), +2H"

~BKASH - (COOH), + M*" — —-BKASH - (COO) M +2H"
~BKASH - SH+ M** — -BKASH-S-M-S+2H"

4. Conclusion

This study presents a novel application of keratinous
materials derived from bioresources for the removal of
heavy metals, specifically using Algerian sheep horns to
prepare brut keratin powder, which was found to be an
effective biosorbent for removing Pb*, Cd*, and Zn* ions
from wastewater. The optimum pH for the uptake of Pb*,
Cd?*, and Zn*" was determined to be 4.5, 6, and 4.5, respec-
tively, and rapid removal was observed without lengthy
agitation times, with an optimum contact time of 30 min.
The removal effectiveness was determined to be 99% for
Pb*, 94% for Zn*, and 96% for Cd* using 0.05 g of biosor-
bent and 20 mg/L of initial ion concentration. Equilibrium
data were tested using Langmuir, Freundlich, Temkin, and
Elovich isotherms. The Langmuir isotherm was found to

be well-fitted to the experimental data, and the adsorption
rate of heavy metal ions was fast. This confirmed that the
mechanism of sorption occurred at specific sites. The kinet-
ics of Pb*, Cd*, and Zn* ion adsorption on powder keratin
were investigated using pseudo-second-order kinetic mod-
els, which rely on the assumption that chemisorption is the
rate-limiting step. The intraparticle diffusion model indi-
cates that the external surface adsorption (stage 1) is absent
because of completing before 5 min, and final equilibrium
adsorption (stage 3) is started after 30 min. The Pb*, Cd*,
and Zn?" is transported via intraparticle diffusion into the
particles and is finally retained in micropores. The nega-
tive value of AG® and positive value of AS°® indicated that
adsorption was spontaneous and feasible. The positive value
of AH° confirmed the endothermic nature of adsorption.
The FTIR spectrum of the keratin before and after adsorp-
tion exhibited different functional groups, such as carboxyl,
amino, and hydroxyl groups. FTIR and SEM analysis also
explained the adsorption mechanisms including electro-
static interaction and ion-exchange with the action of func-
tional groups, such as -COOH, -NH, and -S-SH. Based
on the results, it can be concluded that waste brut keratin
powder can be reprocessed into effective biosorbents for
removing Pb*, Cd*, and Zn*" ions from aqueous solutions.
The adsorbent is natural, non-toxic, and has the potential to
be a cost-effective alternative to conventional methods of
heavy metal removal.
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